INTRODUCTION
This review is a comprehensive report on the analyses performed at CERN's Large Electron Positron Collider (LEP) to search for Higgs bosons of the standard model and beyond. It explains why searches for Higgs bosons were an important part of the LEP physics program, how these searches were performed, and what the results were. The article consists of three main sections, corresponding to the three major results of the searches for Higgs bosons at LEP: 
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requires that vector bosons be massless, which is well known not to be the case. Furthermore, the fact that this symmetry couples differently to left-and righthanded fermion fields forbids fermion mass terms, which also strongly contradicts observations. From another standpoint, several obstacles prevent the massive intermediate vector boson theory, an extension of the Fermi model, from being a satisfactory theory of the weak interaction. On the one hand, the process
is not unitary in perturbation theory (i.e., its cross section decreases too slowly with respect to the energy), and on the other hand, the presence of massive vector bosons spoils the renormalizability of the theory. The Higgs mechanism 1 (3) , which consists of a spontaneous breaking of the electroweak symmetry, is a very elegant solution to these problems. This subtle mechanism allows gauge bosons to be massive while their interactions are still described by the SU(2) L ⊗U(1) Y gauge group. The general concept is that the symmetry is hidden or in other words spontaneously broken, leaving the U(1) EM symmetry apparent to describe the electromagnetic interaction with a massless gauge boson: the photon. In this mechanism, the electroweak symmetry is spontaneously broken by the introduction of an SU(2) L doublet of scalar complex fields φ with the potential V (φ) = −µ 2 φ 2 + λφ 4 . The spontaneous breaking occurs when the vacuum state of the scalar theory falls in a nontrivial minimum of the Higgs potential V (φ). In the fundamental state, the complex scalar doublet φ has a nonzero vacuum expectation value v, and the W and Z bosons acquire masses by absorbing three of the four initial degrees of freedom of the complex scalar doublet. The remaining degree of freedom is an elementary physical scalar state whose mass is not predicted at tree level by the theory: the Higgs boson. Its presence not only is a signature of the Higgs mechanism but also ensures the unitarity of the W + W − → W + W − process, as long as its mass does not exceed 4π √ 2/3G F (approximately 700 GeV). The Higgs mechanism also allows fermion masses through their Yukawa coupling to the Higgs doublet.
The Higgs mechanism is amazingly predictive. It relates the masses of the gauge bosons to the electromagnetic (e) and SU(2) L (g) coupling constants and imposes
This tree-level prediction is verified in the present data, since the measurement of ρ ≡ m 2 W /(m 2 Z cos 2 θ W ) is found to be in very good agreement with its expected value of unity. The couplings of the Higgs boson to fermions are governed by the same Yukawa couplings that generate fermion mass terms and are thus proportional to the masses of the fermions. Therefore, the signature of the Higgs mechanism will be clear once the decay modes of the scalar boson are measured. 1 
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KADO TULLY
The mass of the Higgs boson can be expressed as a function of its quartic coupling λ, the mass of the W boson, and g:
Although the Higgs boson mass is a free parameter of the theory (even if the unitarity of the W + W − scattering imposes an upper bound), the running of the quartic coupling λ can allow us to infer both lower and upper bounds on the Higgs boson mass according to two precepts. The first is the stability of the vacuum, which requires that λ > 0 within the domain in which the theory is valid (below a given energy scale above which new physics appears, superseding the standard theory) or else the Higgs potential is unstable. The second is directly inferred by the running of λ. For example, in the simple case of a pure φ 4 potential, the running of λ is given by
which implies that
This argument implies that λ → 0 as → ∞, referred to as "triviality," and yields an upper bound on the Higgs boson mass. The bounds inferred from these two arguments are shown in Figure 1 (4) . In this figure, the contribution of the top quark to the running of λ, which is essential to lead λ toward negative values, is taken into account. Both the arguments of unitarity and triviality tend to indicate that if the Higgs boson exists, its mass should not be exceedingly high and could thus very well be within the reach of LEP.
Although the Higgs boson resolves most of the dilemmas of the electroweak theory, it also creates a serious problem referred to as unnaturalness. Corrections to the Higgs boson mass, such as those illustrated in Figure 2 , are quadratically divergent. The contribution of these loop diagrams is of the order
Assuming that the cut-off ( ) is large, typically on the Planck scale, the Higgs boson mass should naturally be of the same scale; otherwise, the bare mass would need to be fine-tuned to compensate its corrections, m 2 (2) . We know from the unitarity and triviality arguments that the Higgs boson mass should be smaller than 1 TeV/c 2 ; thus, the bare mass must be fine-tuned to a precision of over 16 orders of magnitude to yield such a low value. The same problem appears at all orders of perturbation and renders the standard model very unnatural.
The standard model of electroweak interactions would work beautifully with a low-mass Higgs boson. However, if it does exist, a theory beyond the standard model is needed to solve the naturalness problem.
Experimental Situation Before the Start of LEP
Before the LEP started operation in 1989, the Higgs masses below 5 GeV/c 2 were thought to be unlikely. The uncertainty in this result comes from its reliance on the combination of numerous experiments that were subject to large theoretical uncertainties on the production cross sections and branching fractions. To illustrate some of these searches, we offer examples corresponding to the diagrams in Figure 3 . For very low Higgs boson masses, the SINDRUM spectrometer experiment at the Paul Scherrer Institute (PSI) 590 MeV proton cyclotron has investigated the decay of the pion to an electron, an electron neutrino, and a Higgs boson that in turn decays to a pair of electrons (Figure 3a in the domain below 50 MeV/c 2 by conferring an upper limit on the product of the branching ratios Br(
of approximately 2 × 10 −8 (6) . Before 1989, the CLEO experiment investigated decays of the Higgs boson into a pair of muons, pions, and kaons produced through the flavor-changing neutralcurrent decay B → K o H (Figure 3c ). CLEO found no evidence for a Higgs boson and succeeded in excluding the mass range 0.2-3.6 GeV/c 2 (8) . This exclusion relied on the evaluation of the B-to-Higgs-boson decay, which is subject to a large theoretical uncertainty. Finally, the CUSB collaboration investigated the radiative decay of various states of the ϒ (7) into a Higgs boson (Figure 3d ). The search for a monochromatic photon sample from the decay ϒ → γ + X led to the exclusion of the range from 2m µ up to 5 GeV/c 2 (9) . All these searches were sensitive to potentially large QCD corrections, thus justifying the importance of unambiguous searches in the low-mass region.
Collider Nominal Capabilities and Detector Suitability
1.3.1. THE LEP MACHINE The LEP collider was housed in a 26.7 km tunnel with eight 2.9-km-long arcs and eight 420-m-long straight sections. The centers of the straight sections are potential collision points. Four of them hosted LEP experiments: ALEPH, DELPHI, L3 and OPAL. Over 5000 magnets (3400 dipoles, 800 quadrupoles, 500 sextupoles, and over 600 beam orbit correctors) were installed. The effective bending radius was ∼3 km, although the geometric radius was about 4240 m. The first phase of operation (LEP1) extended from the summer of 1989 until 1995, when LEP operated at energies close to the Z resonance. The second phase (LEP2) started in 1995 and ended in 2000. During this time, the roomtemperature (Cu) radiofrequency (RF) accelerating cavities were progressively replaced by superconducting (Nb/Cu) RF cavities able to deliver a nominal gradient 71 of 6 MV/m. In 2000, 288 superconducting cavities powered by 36 klystrons, supplemented by 56 Cu cavities, allowed LEP to reach a total accelerating gradient of 3630 MV/turn and a center-of-mass energy of 209 GeV.
The collider luminosity depended primarily on the beam currents and the transverse beam sizes. 2 The limiting feature for the currents was the available RF power delivered by the klystrons. Typical currents were of the order of a few mA. At LEP1, beam-beam effects limited the transverse beam sizes; this problem was overcome by the practice of running in a multiple bunch mode. From 1989 to 1992, LEP operated with four-by-four bunches (in this configuration beam crossings occur every 22 µs). To gain luminosity, from 1993 to 1995 the number of bunches was increased to eight with 11 µs spacing. In 1995, LEP proceeded to a twelve-bunch mode (four primary bunches in trains of three bunchlets 270 ns apart). As the center-of-mass energy increased, beam-beam effects decreased, and at LEP2, the running mode changed to four-by-four bunches.
Section 4 provides a more detailed description of the effort to reach the highest possible energy and luminosity at LEP2. A summary of the operation of LEP can be found in Reference (10).
THE DETECTORS AT LEP
The four LEP detectors had similar but not identical capabilities for Higgs boson searches. The two salient features of these searches are the b-quark tagging and the di-jet mass determination. The di-jet mass measurements are significantly aided by energy and momentum constraints coming from knowledge of the LEP beam energy and, in most cases, the Z boson mass reconstruction.
All four LEP detectors had silicon microstrip detectors installed around the beam pipe close to the interaction region to precisely determine secondary vertices. Table 1 lists the angular coverage of the LEP detectors in terms of the cosine of the polar angle with respect to the beam. The performances of the tracking systems for momentum measurements depended on the magnetic field strength, the square of the radial dimension of the primary tracking chamber, and the position resolution in the bending plane. These parameters, listed in Table 1 , indicate a range of over a factor of ten in intrinsic momentum resolutions.
The calorimeters used in the LEP detectors were separated into electromagnetic and hadronic sections; Table 2 lists the calorimeter technologies employed by the four experiments. The jet energy measurements are calibrated with Z peak data and are studied at high energy with W -mass and Z -mass measurements [from production via initial-state radiation (ISR)]. The typical, directly measured invariant mass resolution for a pair of b-quark jets is 8-10 GeV/c 2 . Resolution effects due to the detector response and loss of energy due to semileptonic B decays can be corrected for by using kinematic constraints, such as energy-momentum conservation and the recoil to the Z boson.
For a complete description of the four detectors, see References (11) (12) (13) (14) (15) (16) (17) (18) . 
THE LEP1 ERA
Because of the large production cross section for a low-mass Higgs boson in Z decays, LEP provided a very good environment to further exclude small values of m H .
Production Mechanisms
At LEP1, the Bjorken process e + e − → HZ * → H ff , illustrated in Figure 4a , was assumed to be the dominant production mechanism (19) . The Wilczek process (20) , proceeding through a top-quark loop, e + e − → H γ (shown in Figure 4b ) also was expected to contribute to Higgs boson production at LEP. Not only was the expected production rate through this process much smaller but backgrounds such as e + e − → qqγ or e + e − → qqg, where one jet hadronizes to an energetic π o , greatly weakened the search potential of this process. Consequently, only the Bjorken process has been extensively explored. masses below 2m µ , the Higgs boson essentially decays to a pair of electrons, and below 2m π and above 2m µ it predominantly decays to a pair of muons. Above the 2m π threshold, the situation becomes slightly more intricate. For masses below 2-3 GeV/c 2 , the Higgs boson decays to a pair of hadrons via its interaction with two gluons through a top-quark loop or its interaction with quarks. The hadronization of these gluons becomes increasingly complex at higher Higgs boson masses. Figure 5a depicts the branching ratios of the Higgs boson in this "nonperturbative QCD" mass range (21).
The
2.3.
The Perturbative QCD Domain (2 < m H up to ∼20 GeV/c
2 )
The transition to perturbative QCD is suggested by the smooth variation of the branching ratios above ∼2 GeV/c 2 (21, 22) . Within the "perturbative QCD" domain The last two topologies, in contrast to the first, are slightly affected by the e + e − → γ * Z background process with the Z boson decaying to a pair of neutrinos. The number of observed events in these channels was in good agreement with the standard-model background expectation. The mass domain m H < 20 GeV/c 2 was therefore excluded at much more than 95% CL (23). In the higher Higgs boson mass domain, the Higgs boson is expected to decay dominantly to a pair of b quarks. The overwhelming background from the hadronic decays of the Z on the one hand and the rather small Higgs boson production rate (for m H = 65 GeV/c 2 ∼ 40 events are expected) on the other did not allow the investigation of topologies involving Z * decays to hadrons or τ ± . The only two channels used at LEP1 in this mass range were those where the Z * boson decays to a pair of neutrinos or charged leptons (electrons or muons). These two topologies represent ∼25% of all final states. The small number of events expected (altogether ∼ 10 for m H = 65 GeV/c 2 ) to be found among the 13 million hadronic Z decays collected at LEP by all four experiments required more sophisticated analyses. In total, 13 events were observed, a number still compatible with the 20.6 events expected from the standard-model background. The results of these searches in all four experiments were combined to yield a lower limit on the Higgs boson mass of 65.6 GeV/c 2 (23) (24) (25) (26) (27) . 
Searches in the Domain
Signal Characteristics
The dominant cross sections for Higgs production at LEP2 follow from the direct coupling of the Higgs scalar to the Z and W vector bosons. This means, in particular, that the production cross sections are directly related to the Higgs mechanism for electroweak symmetry breaking and are not strongly dependent on the couplings of the Higgs field to fermions. Figure 6 shows the tree-level Feynman diagrams for the Higgs-strahlung and fusion processes (28) (29) (30) Figure 7 shows the contributions to the total Higgs production cross section at a center-of-mass energy of 206.6 GeV and the total cross section at √ s = 209 GeV. These correspond, respectively, to center-of-mass energies of the highest statistical significance to the Higgs boson search and to the highest achieved LEP energy.
The kinematic threshold for Higgs boson production is clearly visible in Figure 7 where the cross section falls rapidly around m thres = √ s − m Z . Above m thres , the Higgs-strahlung process is still dominant because of the width of the Z , even though the relative contribution of the WW fusion increases. The reach of the LEP Higgs search, therefore, critically depended on the LEP energy and luminosity.
The Higgs branching ratios are plotted in Figure 5 . The dominant branching ratio continues to be the H → bb decay mode in the Higgs mass region accessible to production at LEP. The uncertainties in the branching ratios come primarily from uncertainty in the effective quark masses.
The standard-model Higgs boson search was performed for a set of channels, categorized by the Higgs decay and the pair of fermions either from Z decay or the fusion processes. 
Background Processes
Standard-model processes that occurred at LEP are in general well-modeled and thus well-simulated. The main uncertainties in the modeling of background processes are due to higher-order effects, such as the initial-state radiation (ISR) of photons or the radiation of gluons in the final state. Figure 8 shows, for final states containing hadrons, cross-section measurements of standard-model processes by the L3 experiment over 11 years of LEP operation. The hadronic Z peak at √ s ≈ M Z is clearly visible. Above the Z peak, only 20% of this e + e − →cross section produces full-energyjets in the detector. The remaining 80% contains one or more high-energy photons radiated in the initial state, and the e + e − annihilation occurs at the Z mass. Figure 9 shows the background processes for Higgs boson production at LEP.
Figure 9
Background processes to the Higgs boson production at LEP2. The typical cross section of these processes for a center-of-mass energy of 200 GeV are given as a guideline; note that some of those figures depend on acceptance and virtuality requirements.
Their relative contribution changes with increasing center-of-mass energy. Above √ s = 161 GeV, the irreducible four-fermion backgrounds from WW production resemble the energy flow of the Higgs-strahlung process. Fortunately, the near absence of b-quark production in W decays reduces this background substantially. Four-fermion production in the two-photon interactions, although large in cross section, nearly vanishes for large invariant masses and is easily removed from the data. Above √ s = 183 GeV, ZZ production introduces four-fermion background with b-quark decays. Because both the Z decay properties and the ZZ cross section are very well understood both experimentally and theoretically, the LEP luminosity delivered in 1998 was sufficient to perform the Higgs search in the Z mass range and beyond. In fact, the measurement of the process e + e − → ZZ → bb + X demonstrated the experiments' ability to detect and measure cross sections with b-quark tagging at high energy.
An important aspect of the LEP cross section measurements is the chronological order in which they were made, namely in order of increasing center-of-mass energy. There were many theoretical predictions for enhanced cross sections for WW and ZZ production at threshold, for example, anomalous couplings for WW and extra dimensions in the case of ZZ production. Therefore, when the di-boson production rates were low, the analyses had to rely on the existing measurements and knowledge of the detector response. Accurate verification of these standardmodel processes was an ideal training ground for the anticipated e + e − → HZ threshold measurement.
There are a variety of background processes for each channel. Some backgrounds have the same fermions produced in the final state, and others have similar characteristics. Experimental effects such as limited resolution, limited efficiencies, and particle misidentification, or special kinematic configurations can mimic a Higgs signature. The contributions from detector calibration and mismeasurement are kept under control by regularly taking calibration data at the Z peak during each data-taking period. These data samples are primarily used to monitor the b-tag performance, tracking, and calorimeter alignment and calibrations.
Analysis Procedures
The analysis for each channel concentrates on quantities with distributions that differ for the Higgs signal and background processes. The distinguishing power can vary with Higgs mass and in some cases with the distance to the threshold for Higgs production. Some variables are used to explicitly remove background regions from the event selection. Other variables are used to further separate backgrounds and signal based on the statistical shapes of the distributions, and these are combined to form a final discriminating variable. To quantify the separation power of a channel, the bins of the final variable distribution are treated as independent (until systematic uncertainties are taken into account) Poisson counting experiments. This leads to the construction of a statistical estimator that distributes differently for background-only and signal-plus-background hypotheses.
KADO TULLY
The statistical estimator used in the LEP combinations is the logarithm of ratio of likelihood functions for the signal-plus-background hypothesis and the background-only hypothesis. Numerically, this consists of a weighted sum over all bins of the distribution, given by
Here i is the index of the bin; n i , s i , and b i are, respectively, the number of observed, expected signal, and expected background events in the bin; and s tot = i s i is the total signal expected. The value of Q constructed in this way is precisely the local likelihood ratio of the signal-plus-background hypothesis to the background-only hypothesis. A negative value of −2 ln Q indicates a preference for the signalplus-background hypothesis. Because the separation power in the final variable depends logarithmically on the local signal-to-background ratio, the distribution of the final variable rebinned in log 10 (s/b) shows directly the most important background regions of the search. A further discussion of the statistical methods used in the LEP2 Higgs analyses is included in the Appendix.
Search Channels and Topologies
Of the channels listed in Table 3 , only four are used in the standard-model Higgs search: four-jet, missing energy, + − pairs (e + µ), and τ + τ − (see Figure 10 ). The highest s/b ratio achieved in a search channel depends on the level of analysis optimization and the detector performance. The highest signal-to-background (s/b) ratio achieved in a search channel depends on the level of analysis optimization and the detector performance. A comparison of the average s/b ratio versus the number of expected signal events shows that the four-jet analyses of ALEPH and DELPHI are the most powerful in the high-m H search (close to 115 GeV/c 2 ). In particular, these analyses achieve an average s/b ratio greater than unity for a combined expectation of one signal event at m H = 115 GeV/c 2 .
Figure 10
Topologies involved in the search for the standard-model Higgs boson at LEP2, missing energy, lepton pairs, τ + τ − , fan-jets.
FOUR-JET CHANNEL
At LEP1, signatures with charged leptons and neutrinos were essential, owing to the overwhelming background in events with hadronic Z decays. At LEP2, at center-of-mass energies well above the Z resonance, this particular background was reduced by more than two orders of magnitude. The four-jet channel, because of its higher branching fraction, thus became the most sensitive topology. Higgs-strahlung is the only signal process that contributes to the four-jet channel. The resulting topology is two di-jets, one from the decay of the Higgs boson and the other from the decay of a Z boson. In this channel, the Higgs boson is assumed to decay to a pair of b quarks; the resulting jets are therefore expected to be b-tagged. The steric configuration of the jets relies heavily on the Higgs boson mass hypothesis. For low Higgs boson masses (i.e., significantly below the kinematic threshold), each of the di-jets forms a plane, and these two planes do not necessarily coincide. However, when the Higgs boson mass is near the kinematic threshold, the Z and the H are produced almost at rest and the two jets in each di-jet are produced back-to-back, and all jets are in a plane by construction. These geometrical considerations are important for the Higgs boson mass reconstruction.
The three main background processes, e + e − → ZZ, e + e − → W + W − , and e + e − → qq, have cross sections of orders 1 pb, 8 pb, and 100 pb, respectively. The four-fermion background process does not necessarily lead to a planar topology, whereas the so-called QCD processes, in which a pair of quarks is produced and a pair of gluons is radiated in the final state (or a hard gluon splits to a pair of quarks or gluons), tend to be planar because of QCD dynamics.
When the Z boson decays to a pair of b quarks (referred to as the 4b case), greater signal purity is expected, but so are more jet pairing ambiguities in the case where the Z decays to a light-flavor quark pair (referred to as the 2b case). To profit from the specific features of these two cases, they are treated as independent channels within the four-jet analysis. Independent of the Higgs boson mass hypothesis, for the 4b subchannel the ZZ process is the predominant background; there is also a small contribution from e + e − → bbg, where the hard gluon splits to a pair of b quarks (Figure 11 ). In the case of the 2b subchannel, the ZZ process is the predominant background contribution for low Higgs mass hypotheses, but it is only the next-to-highest background near the kinematic threshold. Although it requires either two hard FSR gluons or a FSR gluon splitting (Figure 11 ), the Figure 11 QCD background processes yielding four jets owing to the radiation in the final state of one or more gluons.
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KADO TULLY e + e − → bb is the dominant background to the 2b channel for Higgs boson mass hypotheses close to the kinematic threshold; these events tend to yield reconstructed Higgs masses close to the threshold because of their planar topology. The cross section of the W + W − process is larger, but it contributes only through b-quark misidentification and even more rarely via CKM suppressed W decays to bc or bū. Four-jet events, especially in the 2b channel, offer various handles that help reconstruct the Higgs boson mass. Typically at LEP experiments jet directions were well-measured, whereas their energy measurement suffered from detector effects. In the case of the four-jet channel, assuming the jet directions are well-measured, it is possible to correct for detector effects by rescaling the energies of the jets based on energy-momentum conservation. However, for Higgs boson masses near the kinematic threshold, where events are planar, a kinematic fit is necessary. The further constraint on the recoil to the Z can be either used in the fit or inserted afterward by subtracting m Z from the sum of the two fitted di-jet invariant masses. These two procedures yield similar results. The typical mass resolution in the four-jet events is ∼3 GeV/c 2 . Although the analysis relies mostly on the tagging of b-quark jets and on the mass reconstruction to reach the highest possible sensitivity, event shape variables are also helpful to separate signal and background. All four collaborations use them with multivariate methods such as likelihood ratios or neural networks to exploit the discriminating power of correlations between variables.
MISSING ENERGY CHANNEL
The Higgs-strahlung process, in which the Z boson decays to a pair of neutrinos and the Higgs boson to a pair of b quarks, generates two distinct signatures: a large missing mass compatible with the Z mass and two b-tagged jets. This signature also receives contributions from the fusion of W bosons ( Figure 6 ). Although there is constructive interference of the fusion process with Higgs-strahlung, in the final state where the Z boson decays to a pair of electron neutrinos, the contribution from the fusion-plus-interference term is very small. Nevertheless, its role is not negligible, especially for Higgs boson mass hypotheses close to the kinematic threshold.
The missing-energy channel receives background contributions from many processes, but only a few affect this channel seriously. The process γ γ → bb is not a significant background to the missing-energy channel because of its kinematic characteristics (e.g., its missing mass spectrum is peaked toward very high values). However, the e + e − → ZZ process, in which one Z decays to a pair of neutrinos and the other to a pair of b quarks, is an irreducible and large background to the search for a Higgs boson with mass close to m Z . The e + e − → W + W − process contributes to the background only when one W boson decays semileptonically to a τ and the other decays to a pair of quarks that are mistagged as b jets. The τ decay gives the event a nonzero missing mass, but this background does not heavily affect this channel. The e + e − → W eν process could be a serious background, since the spectator electron is usually lost along the beam pipe, but the b-jet tagging requirement strongly reduces the small rate because of its relatively small cross section. In the e + e − → Zee process, the spectator electron also Figure 12 Background processes to the missing-energy final state where one or more photons are radiated in the initial state and escape undetected along the beam line.
escapes detection in the beam pipe; the second electron has low momentum, and the system then resembles a Z production by initial-state radiation (ISR). The process e + e − → Z νν is also irreducible when the Z boson decays into b-quark jets, for Higgs boson masses near m Z , but this process has an almost vanishing cross section. As in the four-jet channel, the most tedious background near the kinematic threshold is not of the four-fermion type, but rather e + e − →where the missing mass is due to two ISR photons emitted at low angle and lost along the beamline (as shown in Figure 12b ), one ISR photon (as illustrated in Figure 12a ) and a mismeasurement in the jet energy, or simply two mismeasured jet energies. Furthermore, this background tends to peak near the threshold in reconstructed mass, which is an artifact of the mass reconstruction algorithm. In the missingenergy channel, the two jet energies cannot be rescaled independently because of the lack of kinematic constraints. In this case, only the recoil to the Z mass can be used. The visible mass is rescaled with a single parameter, which is equivalent to applying a unique rescaling coefficient to the four-momentum of both jets. The typical peak resolution is of the order of 3 GeV/c 2 , comparable to the four-jet channel. But in this channel and especially for Higgs boson masses near threshold, where the fusion-plus-interference contribution can add up to almost half of the total signal cross section, this resolution is degraded by large and wide tails.
+ − CHANNEL
The topology of the lepton channel is a pair of electrons or muons and a pair of b-quark jets. This is a very distinctive signature, but it has a very small rate because of the small branching of the Z to electrons and muons, and, to a much lesser extent, because of the interference between the Higgs-strahlung production and ZZ fusion, which is destructive.
The backgrounds to this channel originate almost exclusively from the e + e − → ZZ process. Practically none of the other processes can yield a similar topology. Its rejection relies greatly on the mass reconstruction and on the tagging of b-quark jets. The Higgs boson mass is reconstructed from the recoil to the two-lepton system. reasons. First, the invariant mass of the τ + τ − pair cannot be accurately measured because of the unmeasured energy carried by the neutrinos of the τ ± decays; the mass reconstruction procedure is thus very different from that used in the lepton channel but is actually very similar to that used in the four-jet channel. The second reason is that this channel also receives contributions from the Z → bb and H → Z + Z − events.
Lower Limit on the Higgs Mass Before 2000
The data collected through the end of 1999 were recorded up to a maximum center-of-mass energy of √ s = 201.6 GeV and yielded no indication of the production of a Higgs boson. Figure 13 shows the consistency of the data with the expected distribution for the background hypothesis. The data are in good agreement with the background-only expectation, which indicates an accurate understanding of the background rates. The exclusion of the Higgs boson in the confidence level for signal (CL s ) is also shown in Figure 13 , where the lower limit on the Higgs boson mass is set at m H = 108.6 GeV/c 2 at the 95% confidence level for a median expected limit of m H = 109.1 GeV/c 2 (31-34). The drop-off of CL s is dramatic below 107 GeV/c 2 , showing that the observed 95% exclusion limit at 108.6 GeV/c 2 for a median expected limit of 109.1 GeV/c 2 is a reference point for a very rapid, unambiguous exclusion for lower masses. The search data continue to yield no preference for a signal up to and beyond the production threshold 
PUSHING LEP TOWARD AND BEYOND ITS LIMITS
Because 2000 was announced to be the final year of LEP operation, a special effort was made to push the machine toward its limits to obtain a significant amount of luminosity at the highest possible energy, thereby extending the sensitivity to a higher Higgs boson mass.
Most of the ideas to increase the energy or luminosity of the machine presented in this section were presented at the Chamonix Workshop (35) . Amazingly, all these improvements proved to be effective and LEP not only reached but surpassed the initial goals.
Strive to Reach the Highest Energies
The center-of-mass energy of a circular e + e − collider is limited by the magnetic field of the dipole magnets and the RF power available to compensate for the synchrotron radiation losses. The synchrotron radiation energy loss, which is proportional to the fourth power of the beam energy, is the limiting factor. Within its effective radius of ∼3 km and with the dipole field strength ranging between 0.01 and 0.2 Tesla, the maximum center-of-mass energy relies mainly on the accelerating gradient. Four of the eight straight sections were instrumented with accelerating devices. The total number of accelerating RF cavities available was 288 (36).
The design accelerating gradient of each superconducting RF cavity was 6 MV/m. Running at this nominal gradient with the entire batch of RF cavities allowed LEP to reach a center-of-mass energy of 192 GeV. At this energy, the sensitivity of Higgs boson searches at LEP was about 100 GeV/c 2 . A series of upgrades and ingenious ideas allowed LEP to surpass the design capabilities.
s The cryogenic facilities were upgraded, allowing the cavities to be conditioned at up to 7.5 MV/m. The overall gain in gradient obtained from this change was 650 MV. The upgrade also improved the stability of the cryogenic system. This improvement allowed the center-of-mass energy to reach 204 GeV and enabled LEP to be sensitive to a Higgs boson with a mass of 112 GeV/c 2 .
s The average time between klystron trips at LEP was about one hour. To maintain stable beams, it was therefore necessary to operate with a margin of at least two klystrons (200 MV), i.e., allowing two klystrons to trip simultaneously without losing the beam. However, with the improved stability, it appeared to be possible to run with a margin of only one klystron (100 MV) without greatly increasing the beam losses. The margin mode of one klystron gained 1.5 GeV in center-of-mass energy and about 1 GeV/c 2 in sensitivity to the Higgs boson. s Reducing the nominal 350 MHz RF by ∼100 Hz resulted in a small shift of the beam orbit. As a result, the beams were exposed to the dipole component of the focusing quadrupole magnets. The smaller frequency also allowed shorter bunches and therefore increased the available RF margin. The use of a lower frequency allowed a gain of 1.4 GeV in center-of-mass energy and 600 MeV/c 2 in sensitivity to a Higgs boson.
s Unused orbit correctors were powered in series to act as dipoles, so as to increase the effective bending length. This change allowed an increase in center-of-mass energy of 400 MeV and improved the Higgs boson mass sensitivity by 250 MeV/c 2 .
s Eight copper cavities from LEP1 were reinstalled for an additional gain in RF gradient of 30 MV, which resulted in an increase of 400 MeV in centerof-mass energy and 250 MeV/c 2 in sensitivity to a Higgs boson.
All these improvements led to an increase in energy of ∼15.7 GeV. LEP was able to run in quite stable conditions at a center-of-mass energy of ∼207 GeV.
Strive to Reach the Highest Luminosities
When the total current reaches a certain threshold, the RF system becomes unstable, resulting in an exponential increase of the number of trips per hour.
At LEP2, the strong radiation damping left the beams very stable, and the coast duration was no longer limited by beam-beam interactions as was the case at LEP1. Instead, the stability of the beams was mainly governed by the available RF margin. Reaching the highest possible luminosity was therefore a trade-off between the higher center-of-mass energy and the stability of the beams and the fill time.
During the last day of operation in 1999, it was proven that the beam energy could be increased within a fill, in a short period of time (typically a few minutes), without increasing the background in the detectors. This "mini-ramp" technique allowed the machine to run at the highest energy, with no RF margin. As shown in the following subsection, this technique had an important impact on the sensitivity to a heavy Higgs boson.
The smaller the margin, the smaller the coast lifetime, and the more important it was to minimize the turnaround time. After each beam loss, a great effort was made to accelerate all the inter-fill steps, such as the setup (e.g., degaussing less), the injection, the energy ramp, and the beam adjustment.
Optimizing LEP for the Highest Sensitivity to the Higgs Boson
It was concluded at the X th Chamonix Workshop (35) that the best scheme was to operate LEP with one klystron margin for about one hour and then mini-ramp to no margin until the first klystron tripped.
This scheme was optimal not only for the Higgs search but also for the search for charginos, which is essentially driven by the largest possible center-of-mass 
Synopsis of the Running of LEP in 2000
The performance of LEP had been constantly improving over the years. The total delivered luminosity and the peak luminosities have increased almost every year. The total luminosity in 2000 was slightly smaller than in 1999 as a result of the optimization. Figure 14a emphasizes the changes in the LEP operations in 2000, showing the number of coasts, the average coast duration, and the average turnaround time. In 2000, there were 1377 fills of an average coast duration of 98 min; the record fill time was 59 min. Figure 14b shows the distribution of luminosities delivered at each center-ofmass energy in 2000. The corresponding effect on the 3σ and 5σ sensitivities of the Higgs boson search are also indicated therein. It should be noted that the small amount of data accumulated at the highest center-of-mass energy allowed the 3σ sensitivity to increase by ∼1 GeV/c 2 . This effort ultimately allowed the searches for the Higgs boson to reach a sensitivity of 115 GeV/c 2 .
HINTS FOR THE PRODUCTION OF THE STANDARD-MODEL HIGGS BOSON AT LEP
Chronology
In the year 2000, the LEP machine extended the reach of the Higgs boson search by roughly 6 GeV. However, since no other candidates were observed in this range, the rate was consistent with the background-only hypothesis. 3 By September 5, 2000, two more candidates were recorded by ALEPH in the four-jet channel. The ALEPH data, combined with those of DELPHI, L3, and OPAL, favored the signal-plus-background hypothesis with a best estimate for the Higgs mass of m H = 114.9 GeV (38). The exclusion limit from the DELPHI-L3-OPAL combination could rule out Higgs masses below 114.2 GeV/c 2 , not a 114.9 GeV/c 2 signal. Similarly, a combination of all the search channels excluding the four-jet channel was limited in sensitivity to m H < 113.3 GeV/c 2 . A comparison of the search-channel expected performances across experiments showed that the ALEPH four-jet channel had the greatest sensitivity to high-mass signals. Based on the excess observed with 70 pb −1 of data at √ s ≈ 206.6 GeV, estimates were computed on the expected significance with two additional months of LEP running. 4 A doubling of the data was sufficient to test whether other experiments and other channels observed high-mass candidates. Complementary to the selection of high-mass candidates was the expected observation of an overall excess of 12 events or more in the intermediate s/b region of the search. By November 3, 2000, the closure date of the LEP2 program, the LEP machine delivered 70% more data at √ s ≈ 206.6 GeV to the four experiments. With the additional data, L3 and OPAL showed moderate increases in CL s+b at high mass, with a significant high-mass Higgs candidate recorded by the L3 experiment in the missing energy channel. Figure 15 shows the log(s/b) distribution of the LEP data at m H = 115.6 GeV/c 2 . Table 4 shows the number of events selected after several s/b cuts for m H = 115.6 GeV/c 2 compared with expectations for background-only and signal-plus-background, showing a data excess in the high-and low-s/b regions of the search.
The LEP data establish a 95% exclusion limit up to m H = 114.0 GeV/c 2 and a hint of an excess at m H = 115.6 GeV/c 2 . Figure 16a -b compares the LEP exclusion limit in CL s with the 1999 result. 5 Figure 17 compares the −2 ln Q distribution of the data to the expected observation from a m H = 115.6 GeV/c 2 signal. An excess of two standard deviations from background is found for this mass hypothesis. The data show an excess over a broad range of mass hypotheses, as is predicted by the curve for the fixed mass signal. The expected distributions of observations for m H = 115.6 GeV/c 2 for background-only and signal-plus-background are also indicated in Figure 17 . There is a 3.4% probability that the observed data are 3 The recommendation given to the scientific board (LEPC) of the LEP program at the July meeting was to reoptimize the LEP running for the chargino search because the Higgs search was negative. 4 In the presence of a m H = 115 GeV/c 2 signal, the observed 1 − CL b significance was predicted to be in the 68% interval [0.003%, 5.3%] for a doubling of the luminosity. 5 The LEP data are still preliminary awaiting final publications from the experiments. compatible with the background-only hypothesis and a 44% confidence level for signal-plus-background (39). The search data can be decomposed into contributions by experiment and by channel. Figure 18a shows that, for the background-only hypothesis, ALEPH is the only individual experiment with a significant excess. Similarly, comparing the data by channel, the four-jet channel, as shown in Figure 18b , contains the most 
Figure 16
The expected and observed confidence levels for signal, CL s , for the 2000 data compared to the 1999 data. The observed CL s at m H = 115.4 GeV/c 2 is eight times higher than the median expectation from background events. significant excess. On the other hand, with regard to a signal-plus-background hypothesis, the data from the experiments show a balancing of the ALEPH excess with that of DELPHI. Figure 18c compares the data by experiment in the vicinity of a m H = 115.6 GeV/c 2 Higgs boson signal (40) (41) (42) (43) (44) (45) . Correspondingly, the comparison of the data by channel in Figure 18d shows that a prominent four-jet excess relative to the other search channels is expected in the presence of a signal, given the relative strengths of the analyses. The mass resolution of the excess at m H = 115.6 GeV/c 2 is estimated from the expected signal distributions. In general, the mass range of −2 ln Q values that are within 1 unit of the observed minimum gives the approximate 68% interval for the best estimate of the Higgs mass. The estimate based on the expected signal distribution, scaled to the observed minimum, yields a value of m H = 115.6 1.5 −1.1 GeV/c 2 , as shown in Figure 19 . Rescaling the channel-by-channel distributions in luminosity to obtain the same overall sensitivity of the combined search shows that the four-jet channel has the highest mass resolution of [−1.1, 1.2] GeV/c 2 whereas the missing energy has the lowest resolution of [−1.3, 2.3] GeV/c 2 . The relative contribution of the channels to the search follows the overall efficiencies as indicated in Table 3 with the exception of the lepton (e + µ) channel, which is more sensitive by a factor of four owing to low backgrounds and high mass resolution.
Mass Plots
The result of the searches can also be illustrated in terms of reconstructed mass plots. To equitably depict the results of all experiments and all channels, a common purity level is requested. The criterion for purity is the expected signal-to-noise ratio at large reconstructed masses. Figure 20 displays the combined mass plots of the searches, with various requirements on the purity.
The number of background and signal events expected and the number of data candidate events observed at all the purity levels and mass domains illustrated in Figure 20 are summarized in Table 5 . The numbers of observed events are clearly more consistent with the numbers of events expected in the signal-plus-background hypothesis than in the background-only hypothesis. The agreement with the signalplus-background expectation is observed over the full spectrum, at large masses, and at all purities. It is this consistency at different purity levels that translates into an improbable compatibility of the observation with standard-model backgrounds. Table 6 lists the 11 most significant events collected at LEP in 2000. As expected, the largest fraction of events expected with high weights consisted of four-jet events. Of the 11 events with an s/b value greater than 0.4, eight were four-jet candidates. Four were observed by ALEPH, two by OPAL, and two by DELPHI. One event was a missing-energy candidate observed by the L3 experiment. The two remaining events were from the lepton and the τ + τ − channels. The
Significant Events
Figure 20
Combination of the reconstructed mass distributions for all channels and all experiments for various levels of signal over expected background.
two foremost candidate events deserve closer examination. The high-significance missing-energy candidate has been a subject of debate.
The most significant candidate (40) , known as (c), is shown in Figure 21 . Besides its large weight (based on b tag, shape variables, and reconstructed mass), other quantitative and qualitative aspects support its leading position in terms of significance. For example, the jets corresponding to the pairing attributed to the Higgs boson have unambiguous displaced vertices. The 13.8 GeV/c missing momentum points to the direction of the jet with a clearly identified muon, which indicates a heavy-quark semileptonic decay. Furthermore, the muon originates from the secondary vertex. The measured invariant mass of the pair of jets with displaced vertices, taking into account the missing momentum within the jet containing a muon, is 114.4 GeV/c 2 . The energies of the two remaining jets are 43.5 and 49.0 GeV, respectively, typical of the decay of a Z nearly at rest.
The second most significant candidate (40), candidate (b), is selected as a fourjet event. This candidate has also been a subject of discussion because of a 22 GeV electromagnetic shower observed in the very forward direction. An electromagnetic deposition at low angle is usually attributed to the radiation of a photon in the initial state, which would tarnish this golden candidate if it were not for the compelling evidence that this energy deposit is not related to the event. The total large measured visible energy is 252 GeV. Such a large value can hardly be explained by The weight of the candidate event (a) is discussed in Reference (40) and is also shown to be well-justified.
At first sight, the L3 candidate (43) known as (α) seems to be the perfect missingenergy event near threshold (Figure 22 ). It has two jets back-to-back and a low value of transverse momentum, and it is well b-tagged. Actually, for a Higgs boson produced near threshold, the Z boson is produced somewhat off-mass-shell (by ∼1 GeV/c 2 ). The resulting topology is two slightly acollinear jets. Such topology is precisely what would be expected from the e + e − → Z * →process, in which the two jets fluctuate low. The two jets of candidate (α) are very collinear. However, the hypothesis of a nonradiativebackground is strongly disfavored by the fact that the event transverse momentum is small, which would require that the fluctuation of the two jets be balanced. The double-radiative hypothesis is also disfavored by the fact that the event is very collinear, which requires that the photons lost along the beam line be balanced. Candidate (α) is atypical. The event is very compatible with the signal hypothesis, but it is not from the highest region of the signal phase space. It is most clearly distinguished by its improbability to come from known standard-model backgrounds.
Systematic Studies and Robustness of the Search
SYSTEMATIC UNCERTAINTIES
The study of systematic uncertainties in the search for Higgs bosons at LEP became particularly important when the analyses required background subtraction to overcome the irreducible e + e − → ZZ background at center-of-mass energies of 183 and 189 GeV. The treatment of systematic uncertainties in the context of subtraction is an extension of the method described in References (53) and (54), where all sources of systematic uncertainties are treated with a Gaussian smearing of the nominal background and signal values in the computation of the likelihood probability density. This treatment assumes that all systematic sources originate from resolution-like effects. As a consequence, its impact on the final result is very small. It is far more crucial to identify systematic biases that must be corrected for, especially if an excess is observed.
The largest contribution to the systematic uncertainties is due to the modeling of backgrounds and particularly the limited statistics of the simulation, which in some cases can reach the relative level of 10%. The other typical sources of systematic uncertainties and their effect on the background levels are (a) detector response resolution (calorimeter energy, tracking, and impact-parameter resolutions can also be treated as corrections, and when treated as uncertainties, their effect amounts to 2-5%); (b) the hadronization of b-quark jets, for instance, through the modeling of their fragmentation, their particle multiplicities, and the mass of the b quark (these uncertainties apply to backgrounds at the level of 2-3%); and (c) the cross-section measurements, which have an impact as low as 1%. The uncertainties on signal efficiencies are essentially related to the tagging of b-quark jets and typically range between 1% and 3%.
To thoroughly assess the systematic corrections related to the detector response that can vary with time, each year a control sample of data at the Z peak has been collected. Both the jet energy and the b tagging are calibrated with these data samples. The jet-energy and angular-resolution corrections are very small. The tagging of b-quark jets, being sensitive to very small variations in alignment, requires a careful calibration. One successful calibration method is the single-tag/double-tag method used to measure R b , the Z pole observable defined as τ (bb)/τ (hadrons), where the tagging efficiencies are measured in Z decays using the standard-model prediction of R b . Another way to calibrate the analysis performance is to correct for the impact-parameter resolution effects by smearing the track parameters.
The robustness of the observation of the excess in 2000 resides mostly in the absence of unexpectedly large biases in the numerous systematic studies carried out after the original analyses and in the fact that such large biases had never been observed in previous LEP Higgs boson searches. However, various control samples at high center-of-mass energies were selected to further support the robustness of the searches.
HIGH-ENERGY CONTROL SAMPLES
The numerous control samples at high center-of-mass energy illustrate the fact that Higgs searches at LEP concentrated on well-described background distributions, which were not subject to uncontrolled tails. Below, examples demonstrate the robustness of the two most delicate issues in the searches for the Higgs boson.
The first is the tagging of b-quark jets. The modeling of the b-tagging algorithms calibrated at the Z peak is evaluated both on Z events produced by ISR and semileptonic WW decays, the latter being deprived of signal. Figure 23 illustrates the quality of the simulation in both control samples in ALEPH data (40) . The second is the modeling of the mass reconstruction procedure in the four-jet channel, where most of the excess is observed. This is evaluated with a sample of background events that have a topology similar to that of the signal. These events are mainly e + e − → W + W − events selected by applying typical four-jet topological cuts and a b-tag veto. Figure 24 shows the reconstructed mass distribution of such events selected by the ALEPH experiment. The low mass peak at masses around ∼2m W ± − m Z corresponds to the correct choice of jet pairing. The peak of events at higher reconstructed masses corresponds to events with the wrong pairing. Good agreement between data and Monte Carlo simulation over the entire spectrum is observed, which further supports the quality of the reconstructed mass modeling and disfavors the possibility of a systematic bias.
The ALEPH Four-Jet Events
So far, the reported results of the ALEPH experiment were obtained with an analysis based mostly on neural-network techniques and two discriminating variables. To further substantiate this result, ALEPH also performed an analysis based on sequential cuts in which the event weight is determined only with the use of the reconstructed mass as a discriminating variable (40) . Both analysis streams yield very similar combined results, but the weight of each individual candidate event is different (see Figure 25 ) because a single discriminating variable is used. In the approach with sequential cuts, all the ALEPH candidate events listed in Table 6 , namely (a), (b), (c), and (d), are selected. One additional candidate event, (e), is selected. The consistency of the overall results in the ALEPH four-jet channel confirms the robustness of the search. 
SEARCHES FOR HIGGS BOSONS BEYOND THE STANDARD MODEL
Finding hints of the presence of a Higgs boson in the standard-model searches is an encouragement to search for physics beyond the standard model. It is therefore crucial to investigate all topologies that could be of interest to the search for the Higgs boson in the framework of theories beyond the standard one. A substantial effort was undertaken by the LEP experiments to cover not only all possible models but also all possible topologies that could involve Higgs bosons in e + e − collisions. In the following section, we report only models for which specific analyses have been designed, along with the salient theoretical predictions that motivate them. (Various models, such as next-to-minimal supersymmetric theories or CP violation in the Higgs sector, have also been investigated.)
Two Higgs Doublets Models (2HDM)
The adjunction of any number of SU(2) L doublets of complex scalar fields preserves the tree-level relation ρ = 1. Here we consider only models with one additional doublet of complex scalar fields, which are the simplest extension of the standard model. In such models, flavor-changing neutral currents can be very large. To avoid this problem, it should be further required that fermions of a given charge do not couple to more than one Higgs doublet. The two most popular models that meet this requirement are the so-called type I models, in which one doublet couples only to fermions and the other to bosons, and the type II models, in which one Higgs doublet couples only to up-type fermions and the other only to down-type fermions. The spontaneous breaking of the electroweak 100 KADO TULLY symmetry, when achieved at the expense of the introduction of two doublets of self-interacting complex scalar fields, leaves five massive scalar physical states that correspond to the remaining five out of eight degrees of freedom available from the two doublets, when the W and Z bosons have absorbed three of them to acquire masses. Among these five Higgs bosons, assuming CP is conserved in the Higgs sector, two are neutral CP-even (h and H , where h denotes the lightest), one is neutral CP-odd (A), and two are charged (H ± ). There are six free parameters in this model: the four Higgs boson masses and the mixing angle (α) between the two CP-even Higgs bosons and tan β, the ratio of the vacuum expectation values.
6.1.1. TYPE I 2HDMs, FERMIOPHOBIA In the framework of type I 2HDMs, when the CP-even neutral Higgs bosons do not mix, the lightest CP-even Higgs boson does not couple to fermions. When the light boson mass is well below ∼100 GeV/c 2 , its predominant decay mode is to a pair of photons. Above this threshold, it will also decay to a pair of W bosons of which one is off mass-shell.
In the mass region dominated by the two-photon decay, the search channels are defined by the decays of the accompanying Z boson: h Z → γ γ qq, h Z → γ γ νν, and h Z → γ γ + − . For all these channels, the major background is the doubleradiative Z production. Figure 26 displays the combined result of these searches (46, 47) .
For m h greater than ∼100 GeV, where the h → WW * branching ratio dominates, L3 performed a dedicated search for topologies with one Z , one W on mass-shell, and one W off mass-shell in the final state (48). This search covered five channels: 
qqqq(qq), qqlν(qq), qqqq(νν), qqlν(νν), and qqqq(ll).
The decay mode of the Z is given in parentheses. These five topologies cover a total of 85% of the theoretical branching fraction of hZ → WW * ff process. The h → γ γ and h → WW * search results were combined according to Br γ γ , which is the fraction of decays to a pair of photons, and Br phobic , which is the total Higgs branching fraction to pairs of gauge bosons. The values of both m h and Br γ γ are scanned to set a 95% CL exclusion limit on Br phobic , as shown in Figure 26 . The observed limit in the benchmark model is 106.4 GeV and the expected limit is 111.2 GeV (47).
SEARCHES FOR CHARGED HIGGS BOSONS
The search for charged Higgs bosons is justified in general 2HDMs. Charged Higgs bosons are produced at LEP in the s-channel via a γ or a Z exchange. In the mass range reachable at LEP (i.e., m H ± < 105 GeV/c 2 ), the predominant decay modes are H + → τ ν and H + → cs. The relative contributions of these decay modes mainly depend on the model parameter tan β. A limit on the charged Higgs boson mass can be derived only when the three final states corresponding to all combinations of the aforementioned decay modes are investigated, namely τ −ν τ τ + ν τ , τ −ν τ cs, and cscs. The topologies arising from these channels are very similar to those originating from a pair of W bosons. The process e + e − → W + W − is thus an overwhelming background. The results of the searches in these channels have led to the combined exclusion domain in the plane (Br(H ± → τ ν), m H ± ) shown in Figure 27 . The resulting absolute 95% CL lower limit on the charged Higgs boson mass is 78.6 GeV/c 2 in good agreement with the combined sensitivity of 78.8 GeV/c 2 . However, in the excluded region of the search, the L3 experiment observed a large excess at a branching fraction of ∼0.1. Numerous checks were performed by all experiments to track the origin of this excess. At the time of writing, no definite conclusion had been reached.
Figure 27
The 95% CL set by LEP experiments (light shaded) and expected (dashed line) exclusion domains in the (m h , Br(H ± → τ ν)) plane.
However, the three other experiments largely excluded any signal hypothesis compatible with the excess observed by L3. In type I 2HDMs, there is a region in the parameter space of the search, in which additional decay modes should be considered. In these models, when the H ± → W ± A decay is kinematically accessible, it becomes the predominant mode for tan β > 1. This exception was studied in detail by the OPAL collaboration (50).
TYPE II 2HDMs, FLAVOR-INDEPENDENT SEARCHES
In various extensions of the standard model, particularly in those involving two Higgs doublets, but also in composite models, the coupling of Higgs bosons to b quarks can be suppressed. In the case where the Higgs boson does not predominantly decay to a pair of b quarks, the searches for the standard-model Higgs boson can still be performed, but their sensitivity is greatly reduced because they strongly rely on the tagging of b jets. All four collaborations conducted dedicated searches for the Higgs boson with reduced model dependence, assuming it is produced via the Higgs-strahlung process, and not addressing its flavor of decay. The channels investigated were the same as those used in the search for the standard-model Higgs boson but assumed that the Higgs boson decays into hadrons. These searches are interpreted in terms of a limit on the ratio of the cross section to that in the standard model times the branching fraction of the Higgs boson to hadrons as a function of the Higgs boson mass m h (51) . Assuming that the production rate is that of the standard model and that the Higgs boson exclusively decays to hadrons, a flavor-independent lower limit on the Higgs mass of 112.9 GeV/c 2 is set by combining the data of all four experiments (51).
The OPAL collaboration went further in this direction. It searched for flavorindependent decays of Higgs bosons via associated production, investigating topologies such as four any-quark jets. These searches, combined with both the flavor-independent and the standard search for Higgs bosons, were used in turn to exclude neutral Higgs boson masses in type II 2HDMs (52). Nevertheless, supersymmetry is broken because the spectrum of superpartner fields has not been observed and the benefits of the theory are gained, in part, at the expense of the introduction of a large number of additional free parameters. A detailed description of supersymmetry can be found in References (55) (56) (57) .
Minimal Supersymmetry
Contrary to the standard model, a supersymmetric Higgs sector requires at least two Higgs doublets with opposite hypercharge to cancel the higgsino contribution to anomalies. Strong constraints on the Higgs boson masses result from the intimate relationship between the electroweak and SUSY breaking. The minimal supersymmetric standard-model (MSSM) Higgs sector is described entirely by only two free parameters, which are designated m A and tan β. The masses of the Higgs bosons at tree level can then be expressed as follows:
The CP-even neutral Higgs boson mixing angle is also fixed by the relation
Simple bounds on the masses of the Higgs bosons can thus be derived at tree level: However, this restriction relies strongly on the assumption that gaugino masses are unified at a large scale. When this assumption is relaxed, there are domains in the MSSM parameter space where the decay of a Higgs boson to the lightest neutralino is allowed (66) . Neutralinos are weakly interacting particles and thus escape detection. The Higgs boson decays are thus "invisible." Such decays are also expected in a variety of other models, from theories involving Majorons to large extra dimensions.
To investigate the possibility that a Higgs boson decays invisibly, the topologies with two acoplanar jets and missing energy and two acoplanar leptons and missing energy have been studied, under the assumption that the Higgs boson is produced via the Higgs-strahlung process. The result of these searches established a lower limit on the mass of the Higgs boson as a function of the ratio of its invisible decay rate to that predicted by the standard model (67). The combined lower limit on a Higgs boson, produced at the standard-model rate and decaying exclusively into invisible final states, is 114.4 GeV/c 2 .
ANOMALOUS COUPLINGS OF THE HIGGS BOSON
The low-energy effects of theories that supersede the standard model at a large scale can be parameterized by an effective Lagrangian. Corrections to the standard-model Lagrangian that alter the couplings of Higgs bosons originate from terms of the type L eff = n ( f n / 2 )O n , where the O n operator involves both vector and Higgs bosons with couplings f n . Anomalous couplings of the types g γ γ , g HZγ , and g HZZ can arise from the aforementioned operators and affect the expected phenomenology of a standard Higgs sector. For instance, the Higgs boson can be produced in association with a photon and decay in turn to a pair of photons. The DELPHI collaboration searched for topologies with three photons in the framework of anomalous couplings of Higgs bosons (68) . No evidence of a signal was observed. This result can be interpreted with the assumption that all f n relevant for the Higgs anomalous couplings are equal to a generic coupling F. Limits on the generic coupling F can then be set as a function of m h as shown in Figure 30 (region A).
In this framework, the Higgs boson could also be produced via the Higgsstrahlung process, though still decaying predominantly to photons, and thus give rise to topologies similar to those searched for in the framework of fermiophobia. For the purpose of this combination, only the ALEPH fermiophobic search is reinterpreted in terms of an exclusion of the coupling F as a function of the Higgs boson mass hypothesis. This exclusion is shown in Figure 30 (region C).
The channels described above require nonzero anomalous couplings. Therefore, they cannot explore the small-F region. To further cover this particular domain of the generic coupling F, the searches for the standard-model Higgs boson have been reinterpreted in this more general framework, as shown with ALEPH results in Figure 30 anomalously to photons with the assumption that all relevant couplings f n are equal (69).
INDIRECT CONSTRAINTS ON THE MASS OF THE HIGGS BOSON
The presence of Higgs field quantum corrections in the electroweak measurements is yet another measure of the self-consistency of the standard-model predictions at low energy. The effect of these quantum corrections can be seen in the following observables:
, and results in a logarithmic dependence on the Higgs boson mass. The relationship between m W and m H as determined from the electroweak data is displayed in Figure 31 and is compared to a recent measurement of the W mass (71) . Sensitivity to the Higgs boson mass dependence would not have been possible without the discovery of the top quark and the precise measurement of its mass in addition to the improvements from LEP on the W -mass and sin 2 θ W measurements. Current electroweak fit data prefer a value of log(m H ) = 1.94 ± 0.21, corresponding to a 68% CL interval of [53 GeV/c 2 , 141 GeV/c 2 ] for the Higgs boson mass. In the near future, further improvement of the sensitivity to log(m H ) is expected from precision measurements of the W and top masses, as well as progress on the hadronic contribution to the running of the electromagnetic coupling constant ( α 5 ). The precision electroweak data have put an unprecedented focus on the discovery of the Higgs boson, or a similar mechanism, in the coming decade. 
LEGACY AND OUTLOOK
Did LEP observe the first manifestation of the Higgs particle? This exciting question should be answered within the next decade by experiments at present and future hadron colliders. If a Higgs boson with mass close to 115 GeV/c 2 is indeed found, then LEP observed the first hints of its existence. Besides these tantalizing hints, LEP produced a lower limit on the mass of the Higgs boson of 114 GeV/c 2 , an unambiguous exclusion of low Higgs boson masses, and pioneering explorations of intricate theoretical models. The stringent limits imposed on the Higgs bosons of the MSSM have motivated a large effort to refine the calculation of two-loop corrections of their masses and have intensified the focus on the remaining available parameters of the theory. Although definitive discovery of the Higgs boson at LEP remained elusive, the standard-model predictions have neither faltered nor waned, bringing both encouragement and uncertainty about what lies ahead.
Further exploration of the direct search will proceed in the immediate future at the Tevatron collider. As with the LEP program, successful gains in sensitivity rely on intense efforts from the accelerator and experimental groups. In particular, since the range of production mechanisms and decay modes is broad, the combined sensitivity of the Tevatron Higgs searches will come from a number of search channels and will depend on the joint contributions from the D0 and CDF collaborations (70) . The LEP excess may be a first sign of Higgs production, and a combination of the LEP and Tevatron search data in the 115 GeV/c 2 mass region may resolve this pivotal question in the coming years.
The great expanse opened up by the LHC may show that even the symmetries of SU(2) L ⊗U(1) Y are simply relics of a much more profound theory. It is here that the most decisive and comprehensive investigation of electroweak symmetry breaking will be carried out. A linear e + e − collider may be needed to tack down the properties of the Higgs sector in detail. Knowing that broken symmetries and mass are intimately connected through the Higgs mechanism may reveal further ties between elementary particles and fields.
integrating in the signal-like direction for CL s+b and in the background-like direction for CL b . The expected Q distributions cross at −2 ln Q = 0, where the signal-plus-background and the background-only hypotheses are equally probable.
To search for the Higgs boson as a function of mass, m H , the signal distributions in (x b , m H ) are simulated in fixed intervals of Higgs mass. The simulated distributions are transformed into continuous functional forms, typically by using the Kernel estimation method (72) . 6 These functional forms are interpolated for intermediate Higgs boson masses using various numerical methods (73) . The results of scanning in the Higgs boson mass hypothesis are summarized by the values of −2 ln Q obs versus m H and compared to the median values of the signal-plusbackground and background-only hypotheses. Direct estimation of CL b is aided by adding the 68% and 95% CL intervals on the background-only hypothesis, as shown in Figure 17 .
At LEP2 the 95% CL exclusion of the signal hypothesis is set for an observed value of −2 ln Q obs such that CL s = CL s+b /CL b = 5%. The quantity CL s is an approximation for the signal hypothesis that has the relevant property of not allowing the exclusion of signals for large deficits of the observed background rate, i.e., small values of CL b .
The −2 ln Q statistical estimator is equally sensitive for exclusion and discovery. In the presence of a signal-like excess in the data, it is used to make signal-rate and mass measurements. Figure 19 shows the expected −2 ln Q obs values of the LEP combined Higgs search for a 115.6 GeV/c 2 signal. The best mass estimate is given by the minimum, here corresponding to m H = 115.6 GeV/c 2 , and the mass resolution corresponds to the interval [114.5 GeV/c 2 , 117 GeV/c 2 ] given by an increase of (−2 ln Q obs ) = 1 above the minimum. 7 Several methods were developed for checking the consistency of the search analyses. Because − 2 ln Q depends on the s/b ratio, the distribution of log (s/b) gives a clear view of the overall discrimination power of the search, as shown, for example, in Figure 15 . The continuity of the assignment of s/b values is checked by the s/b evolution of individual data events, as demonstrated in Figure 25 . The comparisons of the relative performances across subchannels and across experiments in rate and mass resolution are crucial for validating the consistency of the background estimations and methods of signal estimation. Variations in search sensitivities are ultimately attributed to analysis optimization and detector performance.
The systematic uncertainties in the background rates and signal efficiencies are compiled by source, as described in Section 5.4.1. Sources that are common to multiple channels and to other experiments are fully correlated. Sources with 6 To improve the precision of this procedure, either the two-variable distributions are directly convoluted from one-dimensional distributions or the two-dimensional functional forms are forced to reproduce the one-dimensional projections. 7 The −2 ln Q estimator approaches the χ 2 distribution in the high-statistics limit where the 68% CL interval corresponds to exactly χ 2 = 1.
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no overlap are treated as uncorrelated. The largest correlated errors within an experiment come from the b-tagging information and common uncertainties on background processes. The quantitative impact of the systematic uncertainties is directly estimated by the range of possible −2 ln Q values for the signal-plus-background and background-only hypotheses. This is determined by keeping the nominal ln(1 + s/b) weights fixed and varying only the mean of the Poisson distributions for the expected signal and background rates with their correlated errors. Keeping the weights fixed gives symmetric treatment for data, signal, and background events while avoiding the artificial reduction of systematic effects that occurs if the weights are simultaneously varied. The error estimates provided channel-bychannel from each of the experiments predict a 68% interval of −2 ln Q values in the range ±0.45 of the nominal observation. The statistical uncertainty is greater by a factor of 10.
The effect on the observed confidence levels of CL b and CL s+b from the systematic uncertainties is incorporated via an extension of the method described in Reference (53) . Whereas the value of 1 − CL b is 3.2% at m H = 115.6 GeV for statistical errors, it increases to 3.4% when systematic errors are included. The shift in the background confidence level is typically of order 10% toward the median background expectation. The more relevant effect is the range of possible confidence levels predicted from systematic uncertainties. 
